abstract Based on evidence suggesting that deep brain stimulation (DBS) may promote certain cognitive processes, we have been interested in developing DBS as a means of mitigating memory and learning impairments in Alzheimer's disease (AD). In this study we used an animal model of AD (TgCRND8 mice) to determine the effects of high-frequency stimulation (HFS) on non-amyloidogenic α-secretase activity and DBS in short-term memory. We tested our hypothesis using hippocampal slices (in vitro studies) from TgCRND8 mice to evaluate whether HFS increases α-secretase activity (non-amyloidogenic pathway) in the CA1 region. In a second set of experiments, we performed in vivo studies to evaluate whether DBS in midline thalamic region re-establishes hippocampal dependent short-term memory in TgCRND8 mice. The results showed that application of HFS to isolated hippocampal slices significantly increased synaptic plasticity in the CA1 region and promoted a 2-fold increase of non-amyloidogenic α-secretase activity, in comparison to low frequency stimulated controls from TgCRND8 mice. In the in vivo studies, DBS treatment facilitated acquisition memory in TgCRND8 mice, in comparison to their own baseline before treatment. These results provide evidence that DBS could enhance short-term memory in a mouse model of AD by increasing synaptic transmission and α-secretase activity in the CA1 region of hippocampus. 
Introduction
at decreasing the cognitive, behavioral and psychiatric symptoms but the effectiveness of these treatments is low and there are major side effects. In this study we intended to explore a new therapeutic strategy with the goal of slowing down the progression of the disease. Constant current pulses (150µs, 10-100μA)
Experimental Design and Methods
were delivered using a stimulus isolation unit which was cemented to the skull. All animals were allowed at least 5 days to recover from surgery before starting the experiment.
Deep Brain Stimulation
Brain stimulation was performed in a chamber, which consisted of an illuminated wooden box (45 · 45 · 80 cm) with a small fan fixed to one side of the chamber to provide both ventilation and constant low intensity white noise to muffle external sounds. The chamber was completely enclosed, and viewing of the animals was possible through a one-way mirror set on the chamber wall. Electrical stimulation was applied using a stimulus isolation unit (ML180, PowerLab) in MTN bilaterally, in each animal during 3 consecutive days (8 trains of HFS; each train of 25 Hz, 1 sec duration, 300 µA, and 10 sec inter-train interval); this was based on preliminary studies from our laboratory.
Animals were evaluated for memory in the object recognition task immediately after electrical stimulation during three consecutive days.
Behavioral analysis
The object recognition task was performed as previously described [5] . Briefly, mice were For immunohistochemical analysis, FosB immunoreactivity was detected using a conventional avidin-biotin immunoperoxidase protocol [6] . Briefly, free-floating sections were first pretreated with hydrogen peroxide for 10 min to quench endogenous peroxidase activity, followed by two rinses in PBS, and then incubated in 1.0% sodium borohydrate to reduce free aldehydes. The tissue sections were then incubated with the primary antibody the diaminobenzidine reaction product was developed using a nickel-enhanced glucose oxidase method. As negative control, the primary antibody was omitted.
Statistical Analysis
Data were compiled and statistical analysis was performed using GraphPad Prism software (V4.03, GraphPad Software, Inc, San Diego, CA). Data were presented as mean ± SEM and analyzed using a Two-Way ANOVA (source of variation: interaction, treatment and time) in a within-subjects design. When significant interactions were detected, the Bonferroni post test was used to make pair-wise comparisons.
Significant differences were set at p<0.05, p<0.01 and p<0.001.
results
In the in vitro studies, we examined the effects We observed significant differences in basal synaptic transmission between TgCRND8 and WT controls. The maximum amplitude (mean ± SEM) of the population spike was (9.91 ± 0.51) for the WT group (n=10 mice) and (7.21 ± 0.45) for the TgCRND8 group (n=10 mice) (***p<0.01, Figure 1A ). The maximum fEPSP slope was (11.20 ± 0.06) for the WT group and (7.42 ± 0.42) for TgCRND8 group (***p<0.001, Figure 1A ). Input-Output curves, as measured by the population spike (A) and EPSP slope (B), were constructed in the CA1 region with stimulation of the Schaffer collaterals. The data represent mean ± S.E.M. and were analyzed using a 2-way ANOVA in a within-subjects design, followed by Bonferroni's post-hoc tests for pair-wise comparisons. Significant differences were designated as follows: **p<0.01; and ***p<0.001. The results show that in slices from TgCRND8 group (blue triangles, n=20 slices per group) there was a significant deficit in basal synaptic transmission compared to WT group (red squares, n=23 slices per group). 
Discussion
Our results indicate a significant reduction in overall CA1 basal synaptic transmission in young TgCRND8 mice prior to the onset of amyloid neuropathology (see Figure 1A and B). These findings confirm and extend previous reports regarding synaptic dysfunction in the hippocampus from TgCRND8 mice, which appears to have a strong correlation with progressive memory and learning impairment in this mouse model of AD [7] [8] . We found that the application of HFS to isolated hippocampal slices from TgCRND8 mice improves synaptic transmission and short-term potentiation (see Figure 2A) , this improvement correlated with a selective increase observed in the α-secretase activity (see Figure 3A) in the CA1 Values of the amplitude of the population spike (A) and fEPSP slope (B) are expressed as percentages compared to their own baselines normalized to 100%. Each graph shows the mean ± S.E.M. of the first 15 min of recording after tetanus. The data were analyzed using a Two-way ANOVA in a within-subjects design, followed by Bonferroni's post-hoc tests for pair-wise comparisons. Significant difference was designated as ***p<0.001. The results show a significant increase in synaptic plasticity at 50Hz and 100Hz of slices from WT mice (white bar, n=4 slices per group) and for TgCRND8 mice at 200Hz (black bar, n=4 slices per group) in the amplitude of the population spike. There were no significant differences in the fEPSP slope between groups. Figure 3 . Effect of HFS on α-and β-secretase activity in hippocampal slices of TgCRND8 mice. Values of the α-secretase activity (A) and β-secretase activity (B) are expressed as percentages compared to their own non-stimulated slices normalized to 100%. Each graph shows the mean ± S.E.M. The data were analyzed using a Two-way ANOVA in a within-subjects design, followed by Bonferroni's post-hoc tests for pair-wise comparisons. Significant difference was designated as ***p<0.001. The results show that HFS stimulation was associated with selective enhancement in α, but not β-secretase activity in the CA1 region of the hippocampus. maintaining an alert wakeful state [10] . Further, the relevance of activation of these circuits as a therapeutic strategy for acquired cognitive disabilities associated with non-progressive brain injuries has been proposed [3] .
HFS enhances synaptic plasticity and at the same time changes cellular secretase activity (e.g. β-secretase) critical for Aβ generation.
For example, electrical depolarization of rat hippocampal slices has been shown to release amino-terminal amyloid precursor protein (APP) derivatives with increasing stimulation frequencies, suggesting that neuronal activity regulates APP processing in the mammalian brain and that the net effect of depolarization involves several subtypes of acetylcoline receptors [11] . Recent evidence suggests that appropriate expression and activity of β-secretase in hippocampal slices in β-secretase knock-out mice regulates memory and synaptic plasticity which depends on prior synaptic activity in the hippocampus [12] .
A key molecule that may perturb network activity in AD is the Aβ peptide, which is derived from the APP through specific proteolytic cleavages by β-and γ-secretase. APP can also be processed by a non-amyloidogenic α-secretase activity that cleaves APP at the Aβ peptide sites and thereby precludes the generation of Aβ peptides. The excessive accumulation of pathogenic Aβ peptide assemblies in the brain appears to play a causal role in AD [13] . In strong support of this notion, neuronal expression of 
